In northern Arizona, frost heaving may be the leading cause of ponderosa pine seedling mortality during the first winter. Larson (1961) found that frost heaving destroyed 52 percent of the seedlings in a seeding study during one night in October 1957. Larson (1960) (Portz 1967 ).
In addition to plants, almost all objects in frostsusceptible soil, such as stakes, posts, poles, roads, and runways, can be moved upward by frost action (fig. 1). Despite the fact that frost heaving is a serious problem, it has not been studied intensively by foresters or workers in other allied agricultural fields.
Most of the basic information describing the heaving phenomenon is provided by engineers concerned about heaving of highways, runways, buildings, and other structures (Casagrande 1931; Beskow 1947; Grim 1952; Kersten 1952; Smith 1952; Aldrich 1956; Lambe 1956; Penner 1958 Penner , 1959 Low and Lovell 1959; Martin 1959) . Work is also being done by scientists at the Cold Regions Research and Engineering Laboratory (CRREL) (Higashi 1958 , Corte 1961 , Chalmers and Jackson 1970, Kaplar 1971) .
MECHANISM OF FROST HEAVING
Frost heaving is a phenomenon involving the surface layer of the soil (Schramm 1958 , Fahey 1973 , Heidmann 1974 . Schramm (1958) , in explaining the heaving of tree seedlings, stated that an upper layer of coarse soil freezes solid because the pores are relatively large and the water in them freezes at close to 0°C. The frozen layer grips the tree stem tightly.
Below the surface layer the soil has a finer texture Y-> rr> in Hiom^+Qr Xh^a H/-viaiqIo l\/ir»n Figure 1.-Wooden dowels 0.31 to 1.27 mm in diameter. The dowels lying on soil surface heaved 10 cm in a few weeks' time. (Corte 1961) (Heidmann 1974 ).
An interesting facet of frost heaving as related to conifer seedlings is that on many soils heaving injury is almost exclusively confined to first-year seedlings.
In Arizona, few ponderosa pine transplants (2-0 or older) heave. Haasis (1923) (1973) (1929, 1930) (Schramm 1958 ). Soons and Greenland (1970) (Chalmers 1959 (Taber 1929) . The nucleation temperature must always be below the freezing point. In pure water this temperature may be as low as -39°C (Martin 1959) . In ordinary tap water, the nucleation temperature is about -6°C (Chalmers and Jackson 1970) , but in the soil it is nearer to -2°C (Outcalt 1969 In the soil, the freezing point is lowered because the freezing of water lowers the water content, which creates a tension or negative pressure at the freezing zone. In addition, the cations within the double layers of the hydration shell of soil particles, mainly the clays, are excluded from the ice which raises the osmotic pressure of the remaining water, thus contributing to the negative pressure (Martin 1959 ).
Adsorbed water.-Water adsorbed by soil particles freezes at a lower temperature than pure water (Taber 1929 , Penner 1959 . In a kaolinite clay, when o the ice crystal has grown to within 30 A of the clay surface, the freezing point of the water molecules adjacent to the ice is depressed about 0.4°C below the freezing point of water at the center of the pore.
When the crystal grows to within 10 A of the surface, the freezing point is depressed about 4°C (Martin 1959 ).
According to Low and Lovell (1959) (Low and Lovell 1959). Many authors (Taber 1929 (Taber , 1930 by Vershinin et al. 1960 ). Chalmers and Jackson (1970) The coefficient of thermal conductivity (K) is a measure of the quantity of heat that will pass through a unit area of unit thickness in unit time under a unit temperature gradient. The K of the soil depends on its density, water content, temperature, texture, structure, and mineral composition (Kersten 1952 ).
The rate of frost heaving is independent of the rate of advance of the freezing front (Beskow 1947) .
The rate of heave is equal to the rate at which the water arrives at the ice lens. According to Chalmers and Jackson (1970) (Yong and Warkentin 1966 (Yong and Warkentin 1966 (Grim 1952 (Grim 1952 (Grim 1952 (Grim 1952) and are susceptible to heaving (fig. 4) (Lambe 1956 (Cass and Miller 1959) .
Clay present in the system tends to become dispersed (because of the increased swelling pressure of the monovalent double layer) and migrates with the moving water to clog the pores, thus reducing the permeability of the soil (Cass and Miller 1959 (Lambe 1956 ).
Salts
Salts lower the freezing point of the soil water. In addition, the presence of polyvalent cations in the system contracts the double layer. The salts, with their higher charge, are preferentially attracted to the mineral surface and find their equilibrium positions at short distances from the soil particles, which means that the double layer will be reduced in thickness and osmotic activity and the recharge mechanism will be suppressed (Cass and Miller 1959 
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